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SCF-Xo.-SW CLUSTER MOLECULAR-ORBITAL MODELS OF
CATALYSTS, ALLOYS, MAGNETIC MATERIALS, AND SUPERCONDUCTORS

K. H. Johnson
Department of Materials Science and Engineering
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

ABSTRACT _

Recent self-consistent-field Xalpha scattered-wave (SCF-Xa-SW) molecular-
orbital studies of the electronic structures, chemical bonding, and related
(e.g. catalytic, magnetic, and superconducting) properties of metal and alloy
clusters are reviewed, including results for: (1) Li clusters, (2) Cu, Ni,

. Pd, and Pt clusters, (3) relativistic contributions to cluster electronic struc-
ture, (4) the interaction of hydrogen with Ni, Pd, and Pt clusters, (5)
metal-support (Pt-SiO2 and Ru-SiOZ) interactions, (6) magnetism of Fe clusters,
(7) cluster models of transition-metal impurties and their magnetic properties
in copper and aluminum hosts, (8) cluster models of intermetallic compounds and
solid-solution alloys, (9) cluster models of amorphous alloys, and (10) cluster

molecular-orbital models of superconductors.
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& I. INTRODUCTION

The electronic structures and related properties of small transition-

ii and noble-metal clusters are of considerable current interest and importance.
For example, the active centers of commercial heterogeneous catalysts often

consist of small metallic, bimetallic, or multimetallic clusters, typically

based on Group-VIII and IB elements, supported on a refractory material such

as silica or alumina.];3 The electronic structures of small metallic and
bimetallic clusters are also intrinsically interesting to the extent they

mimic the bulk metals, and in their utility as models for alloy electronic

. structure.

. In comparison with the large number of band-structure calculations for

4

crystalline metals and alloys, relatively little fundamental work has been

LS

directed to the electronic structures of small metallic clusters until

recently. Band theory, in its conventional form, is -based on the assumptions

PPN
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of long-range crystalline order, Bloch's theorem, and reciprocal- or f-space

representation, which do not~app]y to small clusters, where there is at most

% only short-range order.

g! Molecular-orbital theory, on the other hand, is well suited for describing

% metal-cluster electronjc structure, although applications to transition-metal

z clusters were originally limited largely to semiempirical molecular-orbital

: methods.5 With the development of the self-consistent-field X-alpha scattered-

éf wave (SCF-Xx-SW) approach to molecular-orbital theory.6 based on the combined

EE use of Slater's Xa density-functional approximation to exchange and correla-
t10n7 and the multiple-scattered-wave method of solving the one-electron

8 it has become practical to calculate the electronic

Schrodinger equation,
structures of complex polyatomic molecules and clusters from first principles,
using only moderate amounts of Eomputer time.9 The principal objectives of

such studfes are:

,,,,,,,,,,,
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(1) the systematic calculation of the electronic structures of metal and
alloy clusters by the SCF-Xa-SW method, with emphasis on clusters
containing transition and noble elements;

(2) the use of the calculated electronic structures as a basis for under-
standing the electronic, magnetic, superconducting, and catalytic
properties of small clusters and larger particles including,where
necessary,the effects of supporting environments;

(3) the use of the cluster results as a basis for describing local electronic,
magnetic, superconducting, and other physical properties of bulk crystal-
Tine transition metals and their alloys.

| II. APPLICATIONS

A. Li Clusters
Li clusters containing up to 13 atoms were the first metallic aggregates

investigated by the SCF-Xa~-SW meiaod, including effects of spin polarization.lo

Results of these studies that are of general significance in regard to the

physical properties of small metal clusters are: (1) there is a gradual

increase of cohesive energy per atom with increasing cluster size and

coordination number, a 13-atom cluster yielding approximately 60% of the
cohesive energy per atom characteristic of the bulk solid; (2) there is a
gradual decrease of.first jonization potential (as calculated by the SCF-Xa
"transition-state" procedure6’7) with increasing cluster size, approaching

the bulk work function; (3) a cluster with icosahedral geometry [see Fig. 1(b)]
is the moét energetically stable of all the clusters considered; (4) where the
highest occupied cluster molecular orbital is degenerate, a Jahn-Teller

distortion can remove the degeneracy, lowei the cluster symmetry, and lower

the energy of the cluster.




.....

'''''''''

B. Cu,‘Ni, Pd, and Pt Clusters

Following the work on Li clusters, SCF-Xa-SW atudies of Cu, Ni, Pd, and
Pt clusters containing up to 13 atoms were carried out and compared with the
results of similar calculations by the extended-Hiickel and CNDO methods.
Various pnases of this work are presented in Refs. 11-13. One is at first
struck by the systematic simflarities, rather than the differences, between
the SCF-Xa electronic structures of the clusters and those of the corresponding
bulk metals. For example, the manifold of orbital energy eigenvalues for 13-
atom clusters having the cubo-octahedral nearest-neighbor coordination [see
Fig. 1(a)] characteristic of the fcc lattice exhibit all the principal features
of the bulk band structures, e.g.; overlap of the "d band" by the "s,p band",
a sharp peak in the density of states around the Fermi energy for the N1]3.
Pd]3, and Pt.l3 clusters, increasing band width through this series, and
magnetic spin polarization in the case of N1]3 (see Fig. 2). These results
have more recently been corroborated by SCF-Xa-LCAO calculations on small

14

nickel clusters, ' and the inadequacy of symmetry-restricted Hartree-Fock theory

15

in determining the electronic structures of such clusters has been demonstrated.
The theoretical study of a finite metallic cluster of reasonably high symmetry,
such as the 13-atom cubo-octahedron, has the furhter advantage that, by virtue
of the component molecular-orbital symmetries and charge distributions, its
electronic structure can be partitioned into eigenstates which are delocalized
throughout the cluster (the "bulk-1ike" states) and eigenstates that are primarily
localized on atoms at the cluster boundary (the "surface-like" states), as shown in
Fig. 3. The electronic structures of such clusters can therefore be used as
analogues of both the bulk and surface electronic structures of the corresponding
crystalline metals, as well as models for small metallic and bimetallic clusters
of catalytic importance.

C. Relativistic Effects

In order to determine the effects of special relativity on the electronic

.................

...............................
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version of the SCF-Xa-SW method, developed by Yang and Rabii,]6 to tetrahedral
Ni4, Pd4, and Pt4 clusters, octahedral Nis, Pds, and Pts, and cubo-octahedral
Pt:.l3 clusters. The relativistic energy-level shifts and spin-orbit splittings
are, as anticipated, significant for platinum clusters, relatively small for
palladium clusters, and negligible for nickel clusters. The principal
relativistic effects on the electronic structure of a platinum cluster are to
widen its "d band" and lower its center of gravity on the energy scale in
comparison with the nonrelativistic 1imit. Because SCF-Xa orbital energy
eigenvalues, by virtue of their equivalence to derivatives of the total energy

7

with respect to: occupation number,’ can be identified with "orbital electro-

u17,18 the main effect of relativity is to increase the effective
group electronegativity of a platinum aggregate as compared with the nonrela-
tivistic 1imit, thereby affecting its chemisorptive and catalytic properties.
For example, the relativistic increase of orbital electronegativity for a
platinum aggregate is crucial to explaining why platinum is effectively an
electron acceptor, rafher than a donor, with respeét to atomic hydrogen (see
following Section IID). Further details of this work, including a comparison
of relativistic and nonrelativistic electronic structures for Pt, Pd, and Ni
clusters are published in Ref. 13.

D. Inferaction of Hydrogen with Ni, Pd, Pt Clusters

The interaction of atomic hydrogen with small Ni, Pd, and Pt clusters

has been studied by the SCF-Xa-SW method, including relativistic effects,

as models for hydrogen chemisorption on and interstitial solubility in these
transition metals. The nature of the interaction is governed principally by
the proximity in energy (or corresponding "orbital e]ectronegativity“)]7’]8
and concomitant overlap of symmetry-conserving orbitals near the bottom of
the cluster d bands with the H 1s orbital. The main result is the splitting
off in energy of a hydrogen-metal bonding orbital from the bottom of the d

band of each cluster, accompanied by much smaller level shifts within the

.................
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d band, as illustrated in Fig. 4 for hydrogen interacting with 4-atom clusters
of Ni Pd, and Pt (relativistic effects included). Because the H 1s orbital
(as calculated by the SCF-Xo method) 1ines up in energy with the nickel
cluster spd-hybrid orbital at the bottom of the d band, the relative contribu-
tions of Ni atomic orbitals to hydrogen bonding are approximately 60% Ni(4s),
30%Ni(3d), and 10% Ni(4p). In contrast, for palladium and platinum clusters,
where the H 1s orbital lines up with the center and top of the respective d
bands, the Pd 4d and Pt 5d orbitals account for over 90% of the hydrogen-
metal bonding orbital character, thereby dominating the interaction of atomic
hydrogen with these metals. The above findings are essentially unaltered for
hydrogen interacting with larger Ni, Pd, and Pt clusters. -The calculated
electronic structures, especially the differences in s- and d-orbital contribu-
tions to hydrogen bonding, have been used as a basis for explaining why hydrogen
solubility and catalytic activity vary among Ni, Pd, and Pt: Further details
are discussed in Ref. 13.

Following the above SCF-Xa-SW studies of atomic hydrogen interacting with
Ni, Pd, and Pt clusters, we have investigated the precursor to such interaction,
namely, the dissociation of molecular hydrogen (Hz) at low-coordination cluster
sites. The previously discussed (see Section IIB and Fig. 3) partitioning of _
the molecular-orbital. eigenstates of a 13-atom cubo-octahedral transition-metal
cluster into "bulk" and "surface" components is reproduced schematically in
Fig. 5(c). In close analogy to the electronic structure of a coordinatively
unsaturated transition-metal complex shown in Fig. 5(a), in which a dyz*
orbital is split off in energy from the nonbonding d orbitals by the strong
antibonding interaction with the 1igand p-1ike lone-pair orbitals, the direct
interaction of the d orbitals of a metal site on the cluster periphery with the
d orbitals on neighboring metal sites (viewed as "ligands") leads to a splitting
off in energy of a strongly antibonding dyz* orbital from the top of the main
d-orbital manifold. For cluster geometries other than the one implied in

................................
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Fig. 5(c),the most strongly antibonding orbital can have a different local

symmetry, e.g., dz,*, and it is found that for more general cluster configura-

tions or surface morphologies a range of orbital symmetries will be encountered.

Such orbitals can be interpreted as cluster analogues of "surface states"
that are split off in energy form the top of the d band of a bulk crystalline
transition metal. In analogy to the electronic structure of the coordinatively
unsaturated transition-metal complex in Fig. 5(a), the~dy;' cluster orbital
/

in Fig. 5(c) is symmetry-conserving with respect to the lowest unoccupied
orbitals (cu and w*) of molecules such as Hy and CZHZ’ thereby facilitating
electron flow between the metal cluster and these molecules. This suggests
a mechanism for Hé bondjc]eavage'at a single metal site on the cluster |
periphery or "surface" analogous to that shown in Fig. 6 for a coordinatively
unsaturated metal complex.
E. Metal-Support (P.t-SiO2 and Ru-SiOz) Interactions

As prototype models for catalyst-support interactions, we have carried
out §CF-Xa-SH molecular-orbital studies of Pt and Ru atoms and aggregates
supported on silica (5102). It has already been shown that one can accurately
model the electronic structure of pure Sio2 by performing SCF-Xa-SW molecular-

19

orbital calculations on representative clusters. ~ Although definitive

structural data are not yet available,a possible metal-support configuration,

consistent with recent EXAFS data,zo

is the one illustrated schematically in
Fig. 5(b) in which the oxygen atoms at the 5102-M interface serve as "ligands"
of the metal atom in a fashion analogous to the coordinatively unsaturated

LZM compiex (e.g., L = PH,: M = Pt) considered in Fig. 5(a).

3
The primarily covalent interaction between the metal d orbitals and
oxygen nonbonding 2p orbitals that constitute the top portion of the SiO2
valence band lead to metal-oxygen bonding orbitals embedded in the valence
band and to nonbonding and antfbonding . .. it , split off in energy from

the top of the valence band and positioned within the 5102 band gap. The

................
...................
.......................




gt 2t NEgi-iebatr b AR T S Sl "N A-RL AU i AP greil g i et il arnii grin SR R N L e T M

-8-

highest of these antibonding orbitals is principally metal dyz* in character
for the chosen coordinate system and has a one-to-one correspondence with the
HOMOlof the coordinatively unsaturated LM (M = Pt) complex [cf. Fig. 5(a)]
which has been shown in Fig. 6 to be responsible for activation of H2 dissocia-
tion through symmetry-conserving overlap with the H2 antibonding a, orbital.
These theoretical results suggest that there are strong analogies among
catalytically active sites of (a) molecular transition-metal coordination
complexes, (b) supported metal catalysts, and (c) transition-metal clusters
and particles. The orbital symmetries and orderings are qualitatively similar
for SiOZPt and SiOZRu, although in the latter system the dyz* antibonding
orbital is empty. This difference in orbital occupancy suggests that the
bonding and catalytic activity of Ru atoms on silica should be significantly
different from those of Pt atéms on silica. Recent EXAFS, electron microscopy.

20’211ndicate that ruthenium interacts strongly with

and chemisorption studies
a sﬁica substrate, forms “raft-1ike™ structures, and chemisorbs oxygen (02)
molecularly, whereas such effects have not yet been observed for Pt sdpported
on silica. SCF-Xa-SW cluster models for ruthenium aggregates on SiO2 suggest
that the SiOz-ﬂu bonding perpendicular to the silica surface actually enhances
Ru-Ru bonding parallel to the surface, thereby providing a theoretical justifi-

cation for the formation of raft-like structures.

F. Electronic Structure and Magnetic Properties of Fe Clusters

E; SCF-Xa-SW molecular-orbital calculations have also been carried out for

;f iron clusters ranging in size from 4 atoms to 15 atoms.zz’23 The calculations

were carried out in spin-unrestricted form, i.e., different orbitals for

different spins, in precisely the same fashion as described for nickel clusters
in Ref. 12. The resulting spin-orbital energy eigenvalues for a 15-atom
cluster having the local coordination up to second-nearest neighbors of bcc
crystalline a-iron are shown in Fig. 7, labeled according to the irreducible

representations of the 0h symmetry group. The two higtrest occupied spin orbitals,

PRI
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“ular orbitals, 6eg+ and 7t
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6eg+‘and 4t]u+, are nearly degenerate, partially occupied with one and two
electrons, respectively, and determine the cluster Fermi energy (indicated by
the dashed line).

From Fig. 7 one can extract the following characteristics which are
directly comparable with the band structure of ferromagnetic crystalline a-
iron calculated by Tawil and Callaway:24
(1) The cluster electronic structure can be characterized in terms of
manifolds of predominantly d-like spin orbitals bracketed in energy by orbitals
which have significant s,p character, in analogy to the overlap of the d band
by the s,p band in bulk crystalline iron.

(2) The Fermi Tevel of the cluster passes through the top of the "spin-up"

(4) d-orbital manifold and through the center of the "spin-down" (+) d-orbital
manifold in a fashion similar to the intersection of the Fermi level with the
"majority-spin" and "minority-spin" d bands of ferromagnetic iron (see Fig. 2
of Ref. 24).

(3) The exchang: splitting and width of the cluster d band are comparable with
the values for bulk ferromagnetic iron.

(4) The cluster total density of states shows a pronounced two-peak structure,
which is primarily a consequence of the exchange splitting, consistent with the
density of states for ferromagnetic iron (see Fig. 5 of Ref. 24).

(5) The highest occupied and lowest unoccupied cluster "majority-spin" molec-
29+’ respectively, have antibonding hybrid dsp
character, as exemplified by the 7t29$ wavefunction contour map in Fig. 8,
plotted in a (110) plane. The solid and dashed contours, respectively,
represent positive and negative values of the wavefunction.

The cluster molecular orbitals can be further utilized as a basis for
understanding the transition between collective ferromagnetism (or "super-

")25

paramagnetism and Tocal paramagnetism with decreasing particle size or

increasing temperature. For example:

T S,
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(1) The average paramagnetic magneton numbers per atom for the Fe9 and Fe15
clusters are 2.9 and 2.7, respectively, approaching the 2.2 value for
ferromagnetic crystalline o-iron, whereas SCF-Xa results for smaller iron
clusters, such as Fe4, indicate magneton numbers per atom as large as 3.0. The
predicted increase of magneton number per atom with decreasing iron cluster size
is supported experimentally by Mdssbauer studies of small iron aggregates isolated
in inert matrices.26
(2) The partial-wave decomposition of the Fe9 and Fe.l5 cluster spin orbitals
indicates that the confribution of the 4s-1ike components to spin polarization,
although relatively small in magnitude, is dpposite in direction (antiparailel
to) that of the dominant 3d-1ike components, in good agreement with the analysis
of magnetic form factors in polarized neutron scattering data for crystalline
iron.z7 |
(3) Somewhat more spin density in the Fe9 and Fe]5 clusters is concentrated
in the e orbitals than in the t

g 29
concentration of spin density along the [100] direction (the direction of easy

orbitals, providing a 1ocal model for the

magnetization) in crystalline a-iron, as deduced from neutron-diffraction
measurements.27’28
(8) Neutron-diffraction studies of crystalline iron at temperatures greater

than the Curie temperature Tc29'31

suggest that short-range ordering of spins

in the form of "spin clusters" (~ 102 in size) persists well into the paramagnetic
region, and that the paramagnetic magneton number is approximately 25% greater
than the value for ferromagnetic iron (T < Tc). It is possible, therefore, that
the electronic structure of crystalline iron in the paramagnetic region is more
appropriately represented statistically by a lTocal spin-polarized cluster model,
than by the extended E-space band-structure description, since the cluster
electronic structure is not dependent on the assumption of long-range cyrstalline
ordering of spins. Utilizing the bcc Fe15 cluster as a prototype model for a

"spin cluster," we find that the majority-spin d orbitals, 7;29+ and 6e. + (see

g
Fig. 7), are the highest partiaily occupied and lowest unoccupied orbitals near
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the Fermi energy at T = 0°K. Thermally induced "spin-flip" electronic excitations
from the highest occupied orbitals of the minority-spin d manifold to the

unoccupied 71:2 + and 6eg+ orbitals for T > Tc results in an effective 30% in-

crease of clusier magnetic moment and magneton number, thereby providing a

good model for the observed 25% increase in magnetic moment of crystalline iron
in the paramagnetic region. Such excitations only slightly alter the average
exchange splitting and total density of states of the cluster, consistent with
the apparent persistence of the local density of states for crystalline iron at
T> Tc (as measured, for example, by photoemission), an experimental observation
which heretofore has been inexplicable within the framework of conventional
ferromagnetic energy-band theory.

G. Cluster Molecular-Orbital Model for the Local Electronic Structure,

Chemical Bonding, and Magnetic Moments of Tramsition-Metal Impurities

in Copper _
. Spin-unrestricted self-consistent-field X-alpha scattered-wave (SCF-Xa-SW)

cluster molecular-orbital models have been constructed for transition-metal

impurities (Ni, Fe, Mn, and V) alloyed in crystalline copper, in order to gain

insight into the occurrence of local magnetic mements and the Kondo effect,32’33

traditionally viewed as many-body effects arising from the interaction of the

transition-metal impurities with the conduction electrons of the host metal.

;! A 19-atom cluster representing the local molecular environment (12 nearest

E? neighbors and 6 second-nearest neighbors) of an isolated transition-metal

gt impurity in an otherwise perfect crystalline copper lattice yields manifolds

5: of molecular-orbital energy levels (such as those shown in Fig. 9 for iron in

?; copper) corresponding to the copper "d band", bracketed by impurity d-orbital

i; energy levels of eg and tZg symmetries that are bonding with respect to the

= bottom of the copper d band and antibonding with respect to the top of the d

Eé band. The antibonding cluster orbitals (see inset of Fig. 9) in conjunction with
g; Hund's rules, (1) are discrete analogues of Friedel-Anderson34’35 virtual im-

3
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purity states, (2) satisfy a "sum rule" analogous to the Friedel sum rule, (3)
have spin occupancies and polarization in accord with measured magnetic moments,
ji (4) are consistent with measured trends of residual electrical resistivity, and

X (5) describe the "renormalizing" effects of the local crystalline environment on

Eg the transition-metal impurity atom. The distribution of occupied FeCu]ZCu6 cluster
. spin-orbital energy levels is in good agreement with the X-ray photoelectron

36 for a dilute alloy of iron

spectrum (XPS) recently measured by Hichst et al.
in copper, as shown in Fig. 9 (Fermi level indicated by the dashed line).f In

particular, the broad “shoulder” in the XPS sﬁectrum between the Cu d-band

maximum and the Fermi energy, is explained in the present theoretical model as

ﬁi - arising from the eg and tZg

& significant Fe 3d o* and 7* antibonding components (the Fe 3d percentages are

molecular orbitals above the Cu d band which have

indicated in parentheses in Fig. 9). The most striking result of these theoretical
studies is the discovery that local coordination chemical bonding dominates the

interaction of the transition-metal impurity with its crystalline enviromment,
yielding a large splittinj (v 4-4.5 eV) between bonding and antibonding impurity
molecular-orbital energy levels (see Fig. 9) and a spin splitting (~ 0.2-0.6 eV)

of the highest occupied antibonding tZg and e_ orbitals (the Friedel-Anderson-

g
1ike impurity states) that is an order of magnitude smaller than values assumed

35

in previous theoretical models (e.g., the Anderson model).* The near

degeneracy of the latter t, and eg spin orbitals (for Fe and Mn impurities) with

g
cluster a]g molecular-orbital analogues of the sd conduction-band eigenstates

of crystalline copper near the Fermi energy (see inset of Fig. 9) suggests that

the "spin-compensation cloud" often associated with the Kondo effect is consider-
ably smaller in magnetization and more spatially localized around the impurity

¥ than assumed in previous formal theories33 and, in conjunction with the SCF-Xa

+A recently published density-functional model for magnetic impurities in copper
by Podloucky et al. [Phys. Rev. B22, 5777 (1980)], which does not properly include
the chemical bonding effects of the local crystalline environment on the im-
purity site 1s in qualitative disagreement with the present theoretical model and
with the XPS measurements of H¥chst et al.36 and merely reproduces the Anderson model.
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transition-state concept, also provides a discrete orbital basis for discussing
the onset of "localized spin fluctuations" around the Kondo temperature. The

R
PR R I
L

possible contributions of spin-orbit coupling and Jahn-teller effects to impurity
electronic structure have been determined, with detailed examples of how the
former effect can lead to the quenching of the impurity magnetic moment below

the Kondo temperature. Further details of this work are presented in Ref. 37.

H. Cluster Molecular-Orbital Model for the Local Electronic Structure,

Chemical Bonding, and Magnetic Moments of Transition-Metal Impurities

in Aluminum
SCF-Xa-SW cluster molecular-orbital studies of the type described in
the preceding Section G have been extended to the problem of transition-metal

impurities in aluminum. First-row transition-metal (Ti, V, Cr, Mn, Fe, Co,

and Ni) atoms were suqcessively substituted for the central Al atom in a
cluster representing the local environment of bulk fcc crystalline aluminum,
é. in a fashion similar to that described in Section G for a copper host, except
’ that in the present case a 43-atom cluster (A1A112A16A124) representing the

aluminum host up to third nearest neighbors was chosen to model the somewhat

more delocalized electronic structure of this material. Indeed, previous

38 have

SCF-Xa-SW studies of a 43-atom aluminum cluster by Salahub and Messmer
demonstrated that this cluster yields a manifold of s,p o- and m-bonding
molecular orbitals having a total band width and general character consistent
with the band structure of crystalline aluminum, as shown in Fig. 10, and

in good agreement with measured XPS data for crystalline aluminum, as shown
in Fig. 11.

Perhaps the most striking feature of the SCF-Xa-SW results for the 43-atom

pure aluminum cluster is the m-bonding character of the highest occupied

L e Ry o
TS ARG A
yr e il
R

- molecular orbital (8t]u in Fig. 10), i.e., the molecular orbttal that

NN

coincides with the Fermi level, the wavefunction contour map of which is

..........................
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shown in Fig. 12, plotted in a (200) plane up to second-nearest-neighbor

e
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atoms. As will be shown in Section IIK, the spatially extended

m-bonding topology of this orbital is a precursor to superconductivity in

pure aluminum. This "real-space" character of aluminum molecular orbitals

at the Fermi energy cannot be extracted easily from the conventional "reciprocal
(k)-space" Bloch description of the crystal band structure (see Fig. 10),
except in hindsight as an appropriate combination of Zys Z3s and A] Bloch
eigenstates, and thus has eluded solid-state physics.

The SCF-Xo-SW molecular-orbital energy levels for a Mn impurity substituted
for the central atom of the 43-atom aluminum cluster are shown in Fig. 13, where
they are compared with the 3d energy level of an isolated free Mn atom (and .
with the 3d atomic energy levels of the other first-row transition elements).
The cluster results are also compared directly with XPS data for a dilute
Allin alloy recently obtained by Steiner gg_gl.39 Comparison of Fig. 13 with
the results for pure aluminum in Fig. 11 reveals that the main effects of
alloying Mn impurities in an aluminum host, neglecting impurity-impurity

interactions, are: (1) to empty out locally the otherwise spatially extended

tiy pr-bonding orbital mapped in Fig. 12, and (2) for the Mn 3d orbitals to

3 overlap and hybridize with the surrounding Al 3p orbitals to produce a narrow

;; manifold of occupied spatially localized bonding and antibonding tZg and eg
E molecular orbitals near the Fermi energy (indicated by the dashed line in
% Fig. 13), which are responsible for the peak in XPS intensity just below the
:i Fermi energy. The tZg and eg bonding and antibonding orbitals containing

X

38% or more Mn 3d character (indicated in parentheses in Fig. 13) are mapped

-t
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in Figs. 14 through 17. The highest occupied molecular orbitals are nearly

4,

degenerate tZg and eg dpo*-dpm* antibonding orbitals, as indicated in the
inset of Fig. 13 (cf. inset of Fig. 11). The dpo*-dpm* antibonding topology

is clearly evident in the wavefunction contour maps of Figs. 16 and 17. These

o—r:—-—vvia
e e e

molecular orbitals are analogous to the tZg and e_ dsdo*-ddsn* antibonding
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orbitals shown in the inset of Fig. 9 and in Section G to be associated with
the local spin magnetic moment of an Fe impurity in a copper host above the
Kondo temperature. However, for Mn impurities in aluminum, the fluctuations
in occupancy of the nearly degenerate tZg and eg antibonding orbitals at the
Fermi energy by five electrons (see inset of Fig. 13), coupled with a relatively
small excnange splitting of the orbital energies, prevent stable magnetic
moment formation and are responsible for “spin fluctuations" in the AlMn system.33
These antibonding orbitals also provide a straightforward explanation of the
destructive effect of the Mn impurities on the superconductivity of aluminum
in terms of the emptying out of the t, (pr) orbital.

' SCF-Xa=SW cluster molecular-orbital models for Fe, Co, and Ni impurities
in aluminum show a systematic downward shift in energies and full electron
occupancy of the bonding and antibonding impurity-derived orbitals with respect
to the Fermi energy. This trend is consistent with the relative energies of
the corresponding atomic 3d orbitals in Fig. 13, explains the nonmagnetic

33 is in good agreement with the

39

ground states of_ these impurities in aluminum,
positions of the peaks in XPS intensity for these alloys,”  and suggests that
the effective cancellation of occuﬁied bonding orbitals by occupied

antibonding orbitals is largely responsible for the very low solubility of
these impurities in aluminum.

Further details of the above results will appear in a later pubHcation.40

I. Local Electronic Structures and Chemical Bonding of Intermetallic

Compounds and Solid-Solution Alloys

The SCF-Xa-SW cluster molecular-orbital method has been used to determine
the local electronic structures of the intermetallic compound N13Ti and solid-
solution flloy aCuZn. It has been found that relatively small clusters which
preserve local compositional and structural order yield local densities of
states comparable to those obtained in more elaborate band-structure theories,

provide a realistic model for local chemical bonding effects neglected in
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traditional E-space alloy theories, and lead to a "real-space" chemical description

of alloy phase stability. For the example of Ni3Ti, the cluster electronic structure

provides a simple yet remarkably accurate interpretation of photoemission spectra
for this compound recently measured by Fischer and Kelemen. Details are publish-
ed in Ref. 41.

J. Local Electronic Structure and Chemical Bonding of Amorphous Alloys

A unified conceptual basis for understanding and predicting the electronic
structures and glass-forming capabilities of amorphous alloys has been developed,
using the results of first-principles self-consistent-field X-alpha (SCF-Xa-SW)
cluster molecular-orbital calculations. Prototype cluster models have been
constructed for Cu-Zr, Ni-Ti, and Pd-Si alloys which exemplify two major classes
of binary (ALB) glass-forming systems, namely: _

(1) HMetallic glasses based on noble or transition elements (e.g., A = Cu, Ni)
toward the right of the periodic table and transition elements (e.g., B = Zr, Ti)
toward the left of the periodic table.

(2) Metalloid glasses based on transition elements (e.g., A = Pd) toward the
right of the periodic table and nonmetallic elements'(e.g., B = Si) toward the
middle of the periodic table.

The calculated electronic structures are in excellent quantitative agreement
with and provide an interpretation of published photoelectron spectra for the
above amorphous alloys. All three systems investigated are characterized by
a fully occupied d-band associated principally with the A (e.g., Cu, Ni, Pd)
components and a partially occupied band 1ying at somewhat higher energies and
associated mainly with the B (e.g., Zr, Ti, Si) components, although there is
significant A-B bonding and B-A antibonding character within these respective
bands and some electron transfer from B to A.

The most striking feature of the calculated electronic structures is the
nature of the electronic states coinciding with or just below the Fermi energy,

1.9.3 the highest occupied molecular orbitals. These states can be described




as forming highly delocalized and spatially directed B-B (e.g., Zr-Zr d-orbital
or Si-Si p-orbital) chemical bonds which are promoted, in part, by the composite
bonding-antibonding interaction with the d-orbitals localized on neighboring

A (e.g., Cu or Pd) components. These bonds are clearly visible in the
molecular-orbital wavefunction contour maps shown in Fig. 18 for the Cu-Zr and
Pd-Si systems, respectively, where the solid and dashed contours represent

positive and negative phases of the wavefunction, respectively.

Cam Aam B o e,
WP
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The existence of directed Zr-Zr and Si-Si bonds in amorphous Cu-Zr and
! Pd-Si alloys, respectively, may, at first sight, seem surprising since the

= Zr and Si atoms are not nearest neighbors in these alloys, and the Zr-Zr

and Si-Si bond distances are significantly larder than those in elemental
solid Zr and Si. Nevertheless, the effects of the nearest-neighbor Cu and Pd
d-orbitals in acting as "bridges" for the formation of Zr-Zr and Si-Si bonds
are clearly evident in the above contour maps.

On a scale spanning many atoms, the Zr-Zr and Si-Si bonds form a type
of spatially extended "electron network" or "electron superlattice" in the
vicinity of the Fénmi energy, which we believe is related to the glass-forming
capabilities of these and similar alloys. In the case of the Cu-Zr system,
the electron network orbital topology at the Fermi energy is precisely of
the type recently found by this author (see the following Section K) to be
necessary for the occurrence of superconductivity in a material. Indeed,

42

amorphous Cu-Zr alloys have recently been observed to be superconducting,

K. Molecular Orbitals and Superconductivity

A real-space molecular-orbital description of electronic wavefunctions

which are postulated to be the precursors of the superconducting state in

metals, alloys, compounds, amorphous, and organic solids is presented, based
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on self-consistent-field X-alpha scattered-wave (SCF-Xa-SW) molecular-orbital
calculations for clusters representing the local molecular environments in these

materials. It is shown that there {is a persistent correlation between the
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occurence of superconductivity in a material and the existence of spatially
delocalized molecular orbitals at the Fermi energy which are bonding within

and antibonding between "layers" or "tubes" of overlapping atomic orbitals

that span many atoms, forming a type of "electron superlattice" or"network"

at the Fermi energy, as exemplified by pm "layered" molecular-orbital components
y, and y_ in Al and (TMTSF)ZPF6 (see Fig. 19, the three-dimensional version of
Fig. 12), and by d§ "tubular" molécular-orbita] components y_ and y_ in Nb

and Nb3Sn (see Figs. 20 and 21, respectively). This description of the precursor

43 that

superconducting state is consistent with the original conjectures of London
the superconducting-state wavefunction is "molecular" in nature, "rigid" in
character, and of wide spatial extent, form which observed physical properties
(e.g., diamagnetism and nondissipacive electrical currents) of the superconducting
state logically follow. The molecular-orbital model is further shown to be
consistent with Cooper's concept of electron pairing in the superconducting state
through a net attractive electron-electron interaction but differs from the
Bardeen-Cooper-Schrieffer (BCS)** theory of superconductivity in attributing

the pairing to "valence-bond-1ike" electron occupation of layered or tubular
molecular orbitals at the Fermi energy, rather than to the absorption and
emission of virtual phonons. However, recent simple physical arguments presented

by Heisskopf45

for the formation of Cooper pairs suggest that the two points

of view are not incompatible. Approximate formulae for calculating the electron
pair binding energy and superconducting transition temperature, analogous

to the BCS formulae but expressed entirely in terms of two simple molecular-orbital
parameters, have been derived and applied to various superconductors. Moreover,
through an elementary phase-space argument, the molecular-orbital description of
Cooper pairs is shown to be qualitatively consistent with Schafroth's46 description
of electron pairs as "quasi-molecules" undergoing Bose-Einstein-1ike condensation
to the superconducting state. The above molecular-orbital criteria for super-
conductivity are diametrical to those for the occurrence of local magnetic

moments and ferromagnetism, namely, the existence of spatially localized,
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exclusively antibonding (e.g., do*, dv*, or dé*) molecular orbitals near the

Fermi energy. Furthermore, in contrast to’the ordering of electron spins on
atomic sublattices in conventional antiferromagnetism, the valence-bond-1like
correlation of Cooper-Schafroth electron pairs at the Fermi energy in composite
bonding-antibonding layered or tubular molecular-orbital components, spatially
delocalized between the atoms, corresponds to a type:of conduction-electron
"antiferromagnetism" or spin density wave, thus offering an explantion for

the occurrence of this antiferromagnetism in superconductors such as (TMTSF)ZPFG47
and Nb3Sn‘.‘8 These molecular-orbital criteria therefore provide a conceptual
basis for understanding thegenerally mutually exclusive incidence of super-
conductivity and magnetism among the elements of the periodic table, although
they can also be used to explain the occasional coexistence of superconductivity
and ferromagnetism or antiferromagnetism in some materials. The molecular-

orbital model for superconductivity complements BCS theory in that it permits

the prediction of which materials are likely to be superconductors and which are
not entirely on the basis of the moiecu]ar-orbital topology at the Ferm! energy.

It offers an explanation of the vanishing isotope effect in certain superconductors.
It contributes to the clarification of the issue of non-phonon mechanisms of
superconductivity. It provides insight into the correlations of superconductivity
with other physical properties, such as lattice instabilities. It is readily
applicable to superconductors lacking long-range crystalline order, such as
amorphous alloys and small particles. Finally, the molecular-orbital approach

can be used to explain in simple terms why some materials (e.g., Cu, Ag, and Au)

are neither superconducting nor magnetic, why certain quasi-one-dimensional organic
solids, such as TTF-TCNQ, are not superconductors while others, such as (TMTSF)ZPFG,

47

are superconductors, ' and to assess critically the 1ikelihood of superconductivity

in certain other types of substances (e.g., other types of organic solids; metallic
hydrogen at attainable high pressures), and to suggest ways of systematically
improving existing classes or synthesizing novel classes of superconducting

materials. Further details will appear in other pub11cations.49
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FIGURE CAPTIONS

Cubo-octahedral cluster containing 13 atoms.

Spin-polarized SCF-Xa-SW electronic energy levels for a cubo-

octahedral Ni]3 cluster with near-crystalline nickel. Levels

are labeled according to the irreducible representations of
the 0h symmetry group. "Fermi level" EF separates the
occupied levels from the unoccupied ones.

Separation of the SCF-Xa-SW electronic energy levels for Cu]3
and N113 clusters into "bulk" and "surface" components.

SCF-Xa orbital energies of tetrahedral group-VIII transition-
metal clusters with and without interstitial atomic hydrogen,
including relativistic corrections for the Pd4, Pd4H, Pt4,
and Pt4H clusters.

Comparison of the electronic structures associated with
coordinatively-unsaturated transition-metal (e.g., M = Pt)
sites: (a) in a transition-metal coordination complex
(L = PH3); (b) on a silica (5102) support; (c) at the
periphery or "surface" of a transition-metal cluster.
Also shown, for comparison, are the HOMO and LUMO of

the reactant molecules; (d) Hy and (e) CoHy. A11 the
orbital energy levels shown in the lower half of the
diagram are displayed schematically on the same relative
scale and for M = Pt in (a), (b) and (c) span an energy
range of approximately 0.5 Ry. Symmetry-conserving
orbital wavefunctions involved in reactivity are mapped
in the y-z plane in the upper half of the diagram.

Proposed orbital mechanism for H2 dissociation at a
coordinatively-unsaturated transition-metal site.
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Fig. 7 Orbital eigenvalues from the spin-polarized calculation for FelS'
The dashed 1ine indicates the position of the Fermi level, which
is coincident with the Ge; (one electron) and 4t*g (two electrons)
levels. The bottom line shows the number of electrons of each
spin and symmetry type (point group Oh) as well as the total
number of majority- and minority-spin electrons.

Fig. 8 Contour map of the lowest unoccupied "majority-spin" molecular
orbital, 7tzg + (see Fig. 7), of an Fe]S cluster. The solid
and dashed contours represent positive and negative values,
respectively, of the wave function.

Fig. 9 SCF-Xa-SW spin-polarized molecular-orbital energy levels of
19-atom cluster representing the local environment of an Fe
impurity in a copper crystal up to second-nearest neighbors.
The calculated levels are compared with the measured X-ray
photoelectric spectrum (XPS) of bulk copper containing a
dilute concentration of substituional Fe impurit.es.

Fig. 10 Comparison of the SCF-Xa-SW molecular-orbital energy levels
of a 43-atom aluminum cluster, representing the local
environment of fcc crystalline aluminum up to third-nearest
neighbors, with the bulk energy bands.

Fig. 11  Comparison of the SCF-Xa-SW molecular-orbital energy levels
of a 43-atom aluminum cluster, representing the local
_environment of crystalline aluminum up to third-nearest

éfj neighbors, with the measured X-ray photoelectron spectrum
ti (XPS) of an aluminum crystal.
o Fig. 12 Contour map of the wave function for the highest occupied
" molecular orbital, t]u(eF)’ of a 43-atom aluminum cluster,
gR ' plotted in the (200) crystallographic plane up to second-
e nearest neighbors. The solid and dashed contours represent
.- positive and negative values, respectively, of the wave
function.
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SCF-Xa-SW molecular-orbital energy levels of a 43-atom
cluster representing the local environment of a Mn
impurity of an aluminum crystal up to third-nearest
neighbors. The calculated levels are compared with
the measured X-ray photoelectron spectrum (XPS) of
bulk aluminum containing a dilute concentration of
substitutional Mn impurities.

Contour map of the highest occupied bonding tZg cluster
molecular-orbital wavefunction for a Mn impurity in an
aluminum crystal.

Contour map of the highest occupied bonding eg cluster
molecular-orbital wavefunction for a Mn impurity in an
aluminum crystal.

Contour map of the highest occupied antibonding tZg
cluster molecular-orbital wavefunction for a Mn
impurity in an aluminum crystal.

Contour map of the highest occupied antibonding eg
cluster molecular-orbital wavefunction for a Mn
impurity in an aluminum crystal.

(a) Contour map of the wave function for the cluster
molecular orbital at the Fermi energy of amorphous
Cu-Zr.

(b) Contour map of the wave function for the cluster
molecular orbital at the Fermi energy of amorphous
Pd-Si.

Three-dimensional contour map of the wavefunction for
the highest occupied molecular orbital, t1u(eF)’ of
a 43-atom aluminum cluster.
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Fig. 20 Schematic perspective drawing of “"tubular" dé-bonding
cluster molecular-orbital components in a bce crystal

arising from the overlap of dxy atomic orbitals.

Fig. 21 Schematic perspective drawing of "tubular" dé-bonding
molecular-orbital components along a line of atoms
arising'ffom the overlap of dxy atomic orbitals along
the z-axis.
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